Background: Gall crabs were described 150 years ago, but little is known about their biology, ecology, and taxonomy. Studying the breeding season can facilitate the understanding of the adaptive strategies and reproductive potential of gall crab and its relationship with the environment and other species. Results: Growth and reproductive biology of the coral gall crab, Hapalocarcinus marsupialis, were studied at Gulf of Aqaba, Red Sea, Egypt. A total of 209 specimens were collected from different reef depths during 2014. Relationship between carapace width (CW) and total body wet weight (W) was represented as log W = 0.190 + 2.87 log CW. Growth generally shows negative allometric pattern. While the relation between CW and CL is represented by log CL = 0.019 + 1.009 log CW. This relation is linear and shows an isometric regression coefficient. The overall value for "Kn" is varied from 0.8 to 1.24, with an average of 1.11 ± 0.13, and denotes fitness for females. H. marsupialis shows clear sexual dimorphism and has lengthy definite breeding season characterized by carrying eggs throughout the year. The incubated eggs are semi spherical in shape, with diameter ranges according to maturity stages between 10 and 50 μm. The color of incubated eggs is also varied according to the developmental stage. Most females attain sexual maturity between 2.0 and 2.49 mm CW. Juveniles were recorded during year except the months of January and October. Fecundity varied from 10 to 740 eggs, with an average of 230 ± 173 eggs/female, showing linear relation with carapace width. Significant relationship between carapace width and fecundity was represented by log F = 0.22 + 2.39 log CW. Conclusion: The present study emphasized the reproductive biology of H. marsupialis and explained the size structure, sexual dimorphism, breeding season, fecundity, size at first maturity, and juvenile's recruitments in the three selected sites Dahab, Nuweiba and Taba along the Gulf of Aqaba. El-Damhougy et al.
Background
Brachyuran decapods are abundant among branching corals (Patton, 1974; Castro, 1976) especially in the Acroporidae and Pocilloporidae families (Abele, 1984) . The coral gall crab, Hapalocarcinus marsupialis, was described for the first time living on corals (Stimpson, 1859) . The ability of the crab to initiate gall development in its host coral was documented by Verrill (1867) . H. marsupialis is widely distributed on the western shores of the Indian Ocean from the Red Sea to South Africa and extending through the tropical Indian and Pacific Oceans to the western coasts of central and south America (Kropp, 1990) . Kotb and Hartnoll (2002) studied the reproduction of gall crab H. marsupialis in Stylophora pistillata and divided the coral galls into five stages, where the late stages contained larger and matured crabs and had a high crab production of ovigerous females. The physiological state of the gall crabs declines the growth rates and may increase mortality due to feed reduction or reproduction diversion (Hartnoll, 2006) .
Reproductive periods for most brachyuran crabs can be estimated by gonadal development and by the ratio of ovigerous females throughout the year (Pillay & Nair, 1971; Murai, Goshima, & Henmy, 1987; Mouton JR & Felder, 1995; Rodríguez, Drake, & Arias, 1997; Chacur & Negreiros-Fransozo, 2001; Flores, Saraiva, & Paula, 2002; Negreiros-Fransozo, Fransozo, & Bertini, 2002; Colpo & Negreiros-Fransozo, 2003) . The size at sexual maturity, based on external morphological features, can sometimes be misestimated when the curves for immature and mature specimens overlap (Somerton, 1980a (Somerton, , 1980b . In some species, morphological sexual maturity does not coincide with physiological sexual maturity (Conan & Comeau, 1986; Choy, 1988; and FontellesFilho, 1989) . The sexual maturity is related to the presence of mature gonads (producing gametes). Thus, to estimate the size at first maturation of a brachyuran, the degree of gonad development beyond the external morphological features should be considered (Watson, 1970; Brown & Powell, 1972) .
Males look free-living may move from one colony to another to mate or share a gall with a female (Castro, 1976; Warner, 1977; McCain & Coles, 1979; and Vehof, Van der Meij, Türkay, & Becker, 2014) . Cryptochirid female crabs inhabit cavities for breeding in their entire lives. They have an allometric growth of their abdomen that forms a brood pouch under the cephalothorax. This feature is a synapomorphic character of the Cryptochiridae family that can be found among female pea crabs (family Pinnotheridae; Becker, 2010) . Brachyuran crabs diversified shape to maximize egg production and offspring survivorship (López-Greco, Hernandez, Bolanos, Rodriguez, & Hernandez, 2000) . The present study aims to study reproductive biology of H. marsupialis, with emphasis on size structure, sexual dimorphism, breeding season, fecundity, size at first maturity, and juvenile recruitments in the three selected sites, Dahab, Nuweiba, and Taba along the Gulf of Aqaba.
Methods
A total of 209 specimens of gall crab H. marsupialis (165 females, 42 juveniles, and 2 males) were collected from different depths ranging from 0.5 to 3 m (the reef flat, reef edge, and reef slope) at three widely geographically separated sites along the Gulf of Aqaba. The sites chosen at Dahab (34°54′ 982″ E-28°60′ 55″ N), Nuweiba (34°64′ 396″ E-28°88′ 119″ N), and Taba (34°83′ 057˝E-29°42′ 189″ N) (Fig. 1) .
The period of this study extended from January to December 2014. Female crabs were observed within the branches of stony corals Stylophora pistillata (family Pocilloporidae) at the shoreward side of reef flat, reef edge, and reef slope, while a fewer galls were observed at the seaward side of reef flat. Specimens of galls were randomly collected by using long-nose pliers to break off the branches with galls at their ends, without damaging coral colonies. Samples were immediately preserved in 10% formalin solution mixed with 5% alcohol and 5% glycerol and kept in labeled plastic containers provided with date, site of collection, and coral species (Kotb & Hartnoll, 2002) . At the laboratory, examination and measurements were taken as soon as possible to limit changes in color of the crab or its body contents.
The collected specimens were identified to the species level according to Serene (1962 Serene ( , 1966 , Kropp (1990) , and Wei, Hwang, Tsai, and Fang (2006) . The total body wet weight was taken to the nearest 0.01 g using an electric balance with accuracy of 0.01 g after blotting excess water with absorbent tissues. The carapace length (CL) and carapace width (CW) were measured to the nearest 10 μm using an eyepiece micrometer according to Kotb and Hartnoll (2002) .
The relationships between carapace width (CW) and total body weight (W) were calculated according to the following equation (Hile, 1936; Bagenal & Tesch, 1978) :
where Y = body weight in milligrams, X = carapace width in millimeters, a = constant and equal to the intercept of the straight line with Y-axis; and b = the coefficient of allometry. The method of least squares was used, and the coefficients (a) and (b) were calculated by plotting log Y against log X according to Hile (1936) ; Bagenal and Tesch (1978), and Le Cren (1951) where log Y = log a ± b log X.
The well-being or relative condition factor "kn" was calculated according the following formula: kn = W/W ( Hile, 1936; Bagenal & Tesch, 1978) where W = observed weight and W`= calculated weight from the width-weight relationship.
Eggs were carefully removed from the pleopods and counted under the stereomicroscope (Choy, 1985) . Egg diameters were measured to the nearest micrometer (μm) using Stereo-binocular microscope (PZO Warsaw) provided with graduated screen. The incidence of ovigerous females was noticed and used to determine the breeding season. The size of incubated eggs was measured at various developmental stages. The fecundity was calculated by counting incubated eggs according to Subramoniam (1982) . The relationship between the egg number or absolute fecundity and female carapace width was calculated according to the following formula (Haynes, Karinen, Watson, & Hopson, 1976) :
where F = absolute fecundity and CW = female carapace width.
Results

Morphometric relationships
A total of 165 female specimens of H. marsupialis were used for studying the relationship between crab carapace width (CW) and total body wet weight (W). Carapace width varied from 2.5 to 5.9 mm, and crab wet weight ranged from 6 to 230 mg. The relationship between carapace width and body weight was represented by the following equation: It is a curve linear relation with a high correlation coefficient (r = 0.98) and negative allometric regression coefficient (b = 2.87) with an intercept of Y-axis "a" = 0.190 (Table 1, Fig. 2 ). The value of "b" denotes the fast increase in carapace width than body weight.
On the other hand, the relationship between carapace width (CW) and carapace length (CL) of H. marsupialis was calculated and represented ( Fig. 3) by the following equation: log CL = 0.019 + 1.009 log CW (r = 0.91).
This relation is linear and shows an isometric regression coefficient (b = 1.0096) (slope = 1.0, P < 0.001); the carapace is becoming relatively wider and shorter with increasing size, the intercept of Y-axis "a" = 0.019, and high correlation coefficient "r" = 0.91. Highly significant difference was found between the slopes of this relationship.
The results of relative condition factor "Kn" for different size classes of the females of H. marsupialis are given in Table 1 and represented in Fig. 4 . The overall value for "Kn" is varied from 0.8 to 1.24, with an average of 1.11 ± 0.13, and denotes fitness for females.
Reproduction
Sexual dimorphism
Morphologically, abdominal appendages are the main sex character for rapid differentiation between mature males and females of H. marsupialis. Mature males have relatively tapering abdomen provided with two unequal pairs of uniramus pleopods. On contrast, female's abdomen is more flattened, semicircular, provided with four biramous pleopods, usually fringed with entangled setae in maturing females, particularly during spawning season.
Spawning season
The spawning season of H. marsupialis was determined by the appearance of ovigorous females carrying clutches of fertilized eggs on their pleopods. H. marsupialis has lengthy definite breeding season and carries eggs throughout the year. The percentages of ovigorous females recorded 100% during December decline to the lowest value (57.14%) during October (Table 2 and Fig. 5 ). Immature ovaries were translucent, difficult to see, and had very small ova (diameter 0.1 mm). Developing ovaries were pale cream or yellow, had a mean ova diameter of 0.32 mm, and ranged between 0.2 and 0.5 mm. Mature ovaries were pale orange with a mean ova diameter of 0.39 mm and ranged between 0.1 and 0.5 mm. A few specimens with orange ovaries had small ova, but their color was not a fully consistent index of maturity because the median diameter of incubating eggs was around 0.4 mm.
Incubated eggs
The incubated eggs are semi spherical in shape, with diameter ranges between 10 and 50 μm according to maturity stages (Table 3 ). The color of incubated eggs was varied according to the developmental stage. Color appears pale yellow for newly laid eggs (stage I), and changes as development proceeds to yellow (stage II), bright yellow (stage III), orange (stage IV), and faint orange (stage V). It is worth to mention that the smallest females carrying egg were collected throughout May and June (newly laid eggs), and the largest ones were collected throughout June (stage III). However, ovigerous females appeared throughout the year, indicating that the incubation period for this species may extend for 2 months. Ripening ovaries, evidence of mating, and production of eggs all serve as indices of sexual maturity, the production of eggs is an unambiguous sign of functional maturity.
Maturity stages and spawning season
The onset of smallest ovigerous females was also taken for determining the first maturity size. Field collection showed that the smallest ovigerous female measured 2.4 × 2.4 mm (CW × CL), captured in June, this means that most females attain sexual maturity between 2 and 2.49 mm CW class. Table 2 displays the total number of collected specimens for both maturing females (ovigerous) and juveniles of H. marsupialis. The percentage of mature females is 79.7%, while juveniles are 20.3% recorded in all months except January and October. The lowest value of juveniles was 1 recorded during May, September, November, and December, and the highest value was 17 recorded in June (Fig. 6 ). These results denote to the relatively short period for juvenile metamorphosis after hatching and to the short breeding season for this species.
Fecundity
The incubated eggs for 140 H. marsupialis females were counted. The egg number (fecundity) of these females was relatively low, varying from 10 to 740, with an average of 230.3 ± 172.8 eggs /female. The smallest ovigerous female was 2.4 × 2.4 mm (CW × CL), collected in June, carrying 150 eggs, all at stage (II), while the largest egg number was 740, at stage (IV),with size 4.0 × 3.6 mm (CW × CL) collected also in June; whereas the lowest egg number was 10 for sizes of 3.1 × 3.1 mm, 3.2 × 3.0 mm, 4 × 3.9, and 3.9 × 3.3 mm (CW × CL), collected in May, June, and February respectively. The logarithmic relationship between carapace width and total egg number or fecundity (F) was illustrated in Fig. 7 and represented by the following equation: log F ¼ 0:22 þ 2:39 log CW This relation is statistically significant, showing linear relation with low correlation coefficient "r" being 0.76, and negative allometric regression coefficient "b" = (2.39) (b < 3, P < 0.05) with positive intercept of Y-axis, "a" = 0.22. The prevalence of maturity increased with size.
Discussion
The current study is considered the first investigation about biology of the coral gall crab, H. marsupialis at Egyptian coast of Gulf of Aqaba. However, Mohammed and Yassien (2013) studied the distribution of H. marsupialis along the Red Sea coast while Kotb and Hartnoll (2002) studied the biology of the coral gall crab H. marsupialis at South of Hurghad. On the other hand, the reproductive biology of true crabs along the Egyptian coast of the Red Sea and Gulfs of Suez and Aqaba were well documented in several studies (El-Sayed, 1997 , 2004 El-Sayed, Saber, El-Damhougy, & Fouda, 1998 , El-Sayed, Fouda, Azab, & Ismail, 2011 , El-Sayed et al., 2014 Fouda, 2000) . During the present investigation, H. marsupialis were recorded hosted to Stylophora pistillata. This finding was concurrent with Fize and Serene (1957) and Mohammed and Yassien (2013) .
In the present study, the relationships between carapace width and weight of H. marsupialis showed negative allometry (b = 2.87). Bagenal and Tesch (1978) mentioned a similar result that the isometric growth rate (b value) is ranged from 2.5 to 3.5, while an increase or decrease of "b" value than that range indicates allometric negative growth (b value < 2.5) or positive growth (b value > 3.5). However, Du-Preez and Mclachlan (1984) found isometric positive relationships between carapace width and body weight of Portunus pelagicus and Ovalipes punctatus. The increments in carapace width than weight for H. marsupials may be attributed to either environmental or biological factors particularly availability of food and breeding seasons (El-Sayed, 1997 , 2004 Abd El-Razek, 2006; Josileen, 2011; Thirunavukkarasu & Shanmugam, 2011; Aydin, 2013) .
The isometric growth rate was calculated between carapace width and carapace length (regression coefficient; b = 1.009); this agrees with Kotb and Hartnoll (2002) on H. marsupialis. Hartnoll (1982) clarified that if the regression coefficient (b), which defines the type of allometric growth rates, exceeds 1, it gives positive allometry, if equals 1 referring to the isometry, but if it is less than 1 indicating negative allometry. Du-Preez and Mclachlan (1984) recorded a positive allometric growth rate between these two variables for Ovalipes punctatus, while slight negative allometry in Telmessus cheiragonus and T. acutidens was recorded by Urita (1936) .
The results of relative condition factor "kn" for the whole populations of H. marsupials females were varied from 0.8 to 1.24 and averaged 1.11 ± 0.13. This result agrees with the finding of El-Sayed et al. (2011) on Petrolisthes rufescens, Arab (2010) on P. marmoratus and P. transversus, Salem (2014) on Trapezia cymodoce, and Salem, Fouda, Al-Hammady, and El-Damhougy (2017) on Tetralia glaberrima. The values of kn denote a well-being or fitness for whole population and measure the well-being of crabs depending upon the relationship between carapace width and total body weight. Similar results were recorded by El-Sayed (1992) on L. signata and E. crenata, Fouda (2000) There is a clear external morphological sexual dimorphism for H. marsupialis females, characterized by Fig. 7 The logarithmic relationship between carapace width and total egg number of H. marsupials from Gulf of Aqaba, Red Sea, Egypt broad abdomens and provided with four pairs of segmented biramous pleopods, while males have an elongated tapering abdomen and two pairs of uniramus pleopods. This is in agreement with the results carried out on other brachyurans (Hartnoll, 1974 and Hartnoll, 1982; Abd El-Razek, 1987; El-Sayed, 1997 and El-Sayed, 2004; De Lasting, Hall, & Potter, 2003; El-Sayed et al., 2011 and El-Sayed et al., 2014 . Like most Red Sea brachyuran crabs, H. marsupials females carry eggs throughout the year; this agrees with Kotb and Hartnoll (2002) . The frequencies of berried (gravid) or ovigorous of these females increased gradually, reached its maximum during December. These results agree with Edwards and Emberton (1980) , Wolodarsky and Loya (1980) , Gotelli, Gilchrist, and Abele (1985) , Costa (2000) , and El-Sayed et al. (2014), but in disagreement with Erkan, Balkis, Kurun, and Tunali (2008) who mentioned that reproduction of E. verrucosa is correlated with the changes in seawater temperature. However, the fluctuations in the percentage of appearance of ovigerous females may be attributed to the prevailing environmental fluctuations as recorded in the Red Sea (Edwards, 1987; Morcos, 1990; Hamed & Said, 2000) or to the availability of food (Fusaro, 1978; Fouda, 2000) .
The color of incubated eggs is varied according to the developmental stage. Color appears pale yellow for newly laid eggs (stage I), changing, as development proceeds, to yellow (stage II), bright yellow (stage III), orange (stage IV), and faint orange (stage V). This result confirms the finding of El-Sayed et al. (2014) on T. cymodoce from the Gulf of Aqaba they reported that egg size shows a gradual decrease towards the late developmental stages, with remarkable change in color, appears pale yellow for newly laid eggs (stage I), and changes as development proceeds to yellow (stage II), bright yellow (stage III), orange (stage IV), and faint orange (stage V). Guillory and Hein (1997) mentioned that the color change is caused by absorption of the yellow yolk and development of dark pigment in the eggs and on the body of the embryos. Size of incubated eggs of H. marsupialis is relatively small, and these eggs decrease remarkably and varied between 10 and 50 μm in diameter. These measurements are nearly similar to that measured by Arab (2010) that was (33.6 μm) in P. marmoratus and (27.5 μm) in P. transversus, Kotb and Hartnoll (2002) on H. marsupialis (0.39 mm) at the Red Sea. However, Erkan et al. (2008) found different measurements of egg diameter of E. verrucosa (610 μm) at Black Sea and El-Sayed et al. (2014) on T. cymodoce (131 μm) from the Gulf of Aqaba.
Eggs at different development stages were detected attached to the receptacle of the pleopods of ovegrious females at the same time. Guillory, Prejean, Bourgeois, Burdon, and Merrell (1996) found that fertilized eggs pass through the spermathecae and then attached to the receptacle of the pleopods. The stages of maturation for the incubated eggs in the present study are similar to those described by Guillory and Hein (1997) H. marsupialis females attain sexual maturity between 2 and 2.49 mm CW class; these measurements agree with Kotb and Hartnoll (2002) .The appearance of ovigerous females in determination of breeding seasons has been employed by several workers. Varadarajan and Subramoniam (1982) used ovigerous females for studying the breeding of the tropical hermit crab, Clibanarius clibanarius. Lancaster (1990) used the frequencies of ovigerous females in demarcation breeding season of the hermit crab, Pagurus bernhardus. The presence of H. marsupialis ovigerous females with different developmental incubated egg stages throughout the year may indicate frequency of spawning during the same breeding season. Also, it may define the length of incubation period, which may be up to 1 month (ElSayed et al., 1998; Fouda, 2000; El-Sayed, 1997 , 2004 Kotb & Hartnoll, 2002) .
H. marsupialis juveniles were recorded during the year except the months of January and October. These results denote relative short period for juvenile metamorphosis after hatching and short breeding season for this species. These agree with Fize (1956) , who reported that incubation period is 28 days, while other studies showed that there is a long duration for eggs of 0.4 mm diameter at a temperature around 25°C a duration of 15 days or less is typical (Hartnoll, 1965; Warner, 1967; Wear, 1974) . Overall, 80% of crabs > 3 mm CW were ovigerous, indicating that the period between successive incubations averaged about a quarter of the incubation period.
The fecundity of H. marsupialis was relatively low. These values are very close to the results of T. cymodoce (Salem, 2014) and to H. marsupialis (Kotb & Hartnoll, 2002) but very low compared with those obtained by Arab (2010) on P. marmoratus from the eastern Mediterranean. The present results showed a decline of relative fecundity with increasing body mass. Hines (1982) reported such a decline for 12 out of 20 species analyzed. There are possible explanations in Hapalocarcinus for this reduction in relative fecundity. One is increasingly poor fertilization success as the sperm is depleted-this has been demonstrated in Chionoecetes (Sainte- Marie & Carriere, 1995) . The second is the limitation of food supply via the small pores in the gall as the crab increase in size and energy requirement (Hines, 1982) . It is worth to mention that few eggs' number may be attributed to either egg loss, releasing larvae at the late stages or to beginning of spawning of new egg lay. Such as in most crustaceans and other animals, the reproductive investment was highly variable and varied with body size. Large decapods can produce 100,000 eggs in a single clutch (Hartnoll, 2006) , whereas the small-sized crustaceans have up to about 100 eggs (Sainte-Marie, 1991) . The number of eggs produced was highly correlated with the size of females and was increased with increase in female's size (Preston, 1973 , Gotelli et al., 1985 El-Sayed, 1997 , 2004 El-Sayed et al., 1998 , El-Sayed et al., 2011 Fouda, 2000; and Aydin, 2013) .
The linear relationship between fecundity (egg number) and carapace width was evident (allometric regression coefficient; b = 2.39). This result could be explained by the fact that crab size increased faster than egg number. This result agrees with that reported by several authors (Haynes et al., 1976; Atrill & Hartnoll, 1991; El-Sayed, 1992 , 1997 , 2004 Siddiqui & Ahmed, 1992; El-Sayed et al., 1998 , El-Sayed et al., 2014 Fouda, 2000; Kotb & Hartnoll, 2002; and El-Sayed et al., 2011) on several crab species. However, a contrast results were recorded by Gotelli et al. (1985) .
Conclusions
In conclusion, this study was performed to investigate the growth and reproductive biology of the coral gall crab, Hapalocarcinus marsupialis, at Gulf of Aqaba, Red Sea, Egypt. Growth generally shows negative allometric growth. The overall value for "kn" denotes fitness for females. H. marsupialis has lengthy definite breeding season and carries eggs throughout the year.
